Several mechanisms have been proposed for signature inversion in the structure of A ∼ 80 odd-odd nuclei, but the corresponding theoretical calculations have not been conclusive. In the present work, the angular momentum projected shell model (PSM) is applied to the study of the nuclei 80,82 Rb. The results of the calculations regarding the positive parity yrast band for the configuration πg 9/2 ⊗ νg 9/2 and the negative parity yrast band for the configuration π(p 1/2 or p 3/2 or f 5/2 )⊗νg 9/2 are compared with experimental data. According to the interpretation provided by the projected shell model, the signature inversion displayed in the positive parity yrast band for these nuclei is a signal of a substantial quadrupole shape change that takes place with increasing spin: The nucleus evolves from a prolate shape at low spin through a triaxial shape to an oblate shape at high spin. In addition, we specify the nuclear shapes of these two bands in these two nuclei. §1. Introduction
§1. Introduction
In an experiment performed in 2000, 1) the high-spin states of 80 Rb were populated through the 55 Mn( 28 Si, 2pn) reaction at 90 MeV. Quadrupole deformations |β 2 | ≈ 0.3, which are predicted to be nearly oblate, of 13 levels and lower limits for 4 levels in 80 Rb were determined in that work. In addition, the results of the total Routhian surface (TRS) calculations predict that for the positive parity states with low frequencies, the nucleus is γ soft, with a quadrupole deformation β 2 ≈ 0.33. As the frequency increases, for example at ω = 0.492 MeV, two minima become visible at γ = 19˚and γ = −30˚. The second minimum remains over the entire range of frequencies measured in that experiment, i.e. for spins greater than 9 , and evolves towards an oblate shape as the frequency increases. The TRS calculations for the negative parity states of the π(p 1/2 or p 3/2 or f 5/2 ) ⊗ νg 9/2 configuration predict an oblate equilibrium shape with similar deformation parameters over the entire range of measured frequencies, i.e. above the I = 9 − level.
High-spin states in the odd-odd nucleus 82 Rb were studied by means of the 68 Zn( 18 O, p3n) 82 Rb reaction with a 56 MeV beam energy employing a thin target coincidence measurement. 2) Signature inversion has been observed around spin 11, which is slightly shifted to higher spin in comparison with the corresponding value for the lighter odd-odd isotopes 76,78 Rb, which have a signature inversion at spin 9. This shift could be a consequence of the conjectured decrease in the quadrupole deformation ( 76,78 Rb: β 2 ≈ 0.38 and 82 Rb: β 2 ≈ 0.2) as N increases in odd-odd Rb isotopes. In addition, for positive parity states at low rotational frequency, i.e., for ω ≤ 0.292 MeV, the total Routhian surface (TRS) calculations in Ref. 2) predict that the nucleus 82 Rb is very γ soft, with a quadrupole deformation of at most β 2 ≈ 0.23. As the frequency increases, the nucleus becomes slightly more deformed and more stiff, with an oblate shape (β 2 ≈ 0.25, γ = −57˚).
In the A ∼ 80 region, the deformation depends strongly on the occupation of the proton and neutron intruder high-jg 9/2 subshells, in particular on the low-Ω orbitals. For example, collective high-spin bands built on low-lying isomers in the nuclei 74,76 Br 3)-5) and 76,78 Rb 6), 7) have provided evidence for the occurrence of significantly deformed nuclear shapes, with a quadrupole deformation of β 2 ≈ 0.38. As the neutron number increases and approaches the neutron shell closure at N = 50, this deformation-driving feature diminishes, and the experimental excitation spectrum can be accounted for to good precision in the framework of the spherical shell model, as demonstrated for the odd-odd nucleus 86 Rb. 8) Therefore we can predict that the nuclei 80,82 Rb have a moderate deformation, because for 43 and 45 neutrons, the g 9/2 subshell is almost half filled, and the deformation-driving property of the neutron configuration is reduced. Doubly odd nuclei with mass A ∼ 80 exhibit a complex low spin structure with an evolution to regularly spaced rotational levels above an excitation energy of 0.5-1.0 MeV. The positive parity levels in these nuclei result from the occupation of the unique parity high-jg 9/2 subshell. Signature inversion in the vicinity of 11 is a feature commonly observed in the yrast bands of odd-odd nuclei in this mass region, and it is indicative of an underlying πg 9/2 ⊗ νg 9/2 quasi-particle configuration. The angular momentum of the states below spin 9 consists of contributions from both rotation and the realignment of the intrinsic spins, while rotation is the only mechanism for generating angular momentum above this value of the spin. The negative parity bands in these nuclei, however, do not exhibit systematic behavior with regard to signature splitting and inversion. This is due to the relatively high density of orbitals that can generate negative parity states in combination with either a proton or neutron in the g 9/2 orbital. Signature inversions in odd-odd nuclei have been found systematically in regions of mass number A ∼ 80, 130 and 160, and although several explanations have been proposed to interpret this phenomenon, it is still not well understood. Bengtsson et al. 9) explained it in terms of the effect of the γ deformation in a cranked shell model calculation. Hamamoto, 10) using the particle-plus-rotor model, suggested that the γ deformation may not be so important. The work of Jain et al. 11) within the framework of a model incorporating an axially symmetric rotor plus two particles suggests the mechanism of Coriolis mixing between a large number of bands, and Hara et al. 12) proposed the crossing of decoupled bands to describe it. In addition, other studies have analyzed the effect introduced by including a proton-neutron interaction between the odd nucleons, for example, the works of Matsuzaki 13) and Tajima, 14) and the effect introduced by considering different dynamical symmetries in the interacting boson model, for example, the work of Yoshida et al. 15) Very recently, signature inversion in the A-80 region was investigated in detail by Zheng et al. on the basis of a model incorporating an axially symmetric rotor plus two quasiparticles. 16) The results indicate that the competition between the n-p interaction and the Coriolis force in low-K space is possibly the signature inversion mechanism.
As seen above, the mechanisms proposed by various research groups differ to a certain degree, and signature inversion in odd-odd nuclei has been studied even less for the A ∼ 80 region. In a recent Letter, 17) we studied signature inversion in the positive parity yrast band of 84 Rb in the framework of the projected shell model. We found evidence suggesting that the signature inversion in the positive parity yrast band of 84 Rb can be understood in terms of the projected shell model if the shape change is taken into account. However, it is not known whether this provides a unified description of the signature inversion mechanism for odd-odd nuclei in the mass region A ∼ 80, and in particular for the odd-odd nuclei Rb. In order to study the signature inversion mechanism systematically, in this paper, the PSM is applied to the nuclei 80 Rb and 82 Rb, which contain only two and four neutrons fewer than the nucleus 84 Rb.
In this work we present the results of our investigation of positive parity yrast states, in particular with regard to the signature inversion in this band, and the negative parity yrast band of 80,82 Rb in the framework of the projected shell model (PSM). Prior to the present work, there was no information concerning the mechanism of signature inversion in these two nuclei.
In recent years, the projected shell model (PSM) has become quite successful in describing a broad range of properties of deformed nuclei in various regions of the nuclear Periodic Table. The most striking aspect of this quantum mechanical model is its ability to describe the finer details of the high-spin spectroscopy data with simple physical interpretations. 18) In this work, in order to study the mechanism of signature inversion in the mass A ∼ 80 region systematically, we attempt to further apply this model to the nuclei 80,82 Rb. The theoretical model is described in Ref. 17) , and in the present work we stress the calculations and discussion aimed at the elucidation of these two nuclei. §2. PSM calculations for 80;82 Rb
Results and discussion for 80 Rb
In the present work, the pairing gaps are calculated using the four-point formula. 19 ) The values of the total nuclear binding energy, B, are taken from Ref. 20) , and experimental data are adopted if only they can be supplied. The results we obtain are ∆ p = 1.215 MeV and ∆ n = 1.1025 MeV. The spin-orbit force parameters, κ and µ, appearing in the Nilsson potential are taken from the compilation of Zhang et al., 21) which is a modified version of that given in Bengtsson and Ragnarsson 22) that has been fitted to the latest experimental data. It is supposed to apply over a sufficiently wide range of shells. The values of κ and µ are different for different major shells (N dependent). Recently, based on current experimental data, a new set of Nilsson parameters was proposed by Sun et al. 23) for proton-rich nuclei with proton and neutron numbers 28 ≤ N ≤ 40. Considering that the nuclei studied in the present work have neutron numbers 43 and 45, we believe that this new set is not very suitable for the nuclei 80 Rb and 82 Rb, although the Nilsson parameter set proposed by Zhang et al. 21) was deduced for A ≈ 120-140. Shape calculations using the Nilsson+BCS formalism were carried out for the nucleus 80 Rb. The resulting HartreeFock-Bogoliubov energy E HFB of 80 Rb as a function of the quadrupole deformation ε 2 is plotted in Fig. 1(a) . It is seen that the energy E HFB has three minima. They correspond to the prolate shape (ε 2 = 0.30), the oblate shape (ε 2 = −0. 20) , and the spherical shape (ε 2 = 0.00). These three minima are considered the possible forms of the equilibrium deformation. In the present work, we consider quadrupole deformations with ε 2 = 0.30 and ε 2 = −0.2832, respectively, to calculate the positive parity yrast states. The latter value is taken from the work of Cardona et al., 1) as men- tioned in the Introduction, and we believe that this value is more valid, because it is deduced from the experimental data. It should be pointed out here that the relationship between the deformation parameters ε 2 and β 2 is the same as that in Ref. Because of the absence of experimental data for the 7 + level, the experimental transition energies between levels E(8 + ) and E(7 + ) and between levels E(7 + ) and E(6 + ) are not given in Fig. 2 . We find no signature inversion from our calculations in either figure. However, if we set the quadrupole deformations equal to ε 2 = 0.30(6 ≤ I ≤ 8) and ε 2 = −0.2832(I ≥ 9), respectively, when calculating the positive parity yrast states, as shown in Fig. 2(c) , the predictions for the yrast states of positive parity are obviously in satisfactory agreement with the experimental results. We find that the most noteworthy feature of Fig. 2(c) is that the signature inversion appears at the correct value of I. The positive parity yrast band observed in this nucleus displays a signature inversion near spin I = 11. According to the interpretation provided by the projected shell model, this signature pattern is a signal of a substantial quadrupole shape change that occurs as the spin increases. Specifically, the nucleus changes from a prolate shape at low spin to an oblate shape at high spin. On the other hand, it should be noted that the 6 + state is a µs isomer, so it is reasonably assumed that the deformations of levels 6 + , 7 + and (8 + ) are not the same as those of levels 1 + , 3 + and 4 (+) . 25) The reliability of the present conclusion is further supported by the fact that a similar shape change describes the properties of the positive parity yrast band in the neighboring 82 Rb nucleus, as mentioned in the Introduction.
In the negative parity yrast band calculations, the configuration space is constructed by selecting the qp states close to the Fermi energy in the N = 4 (N = 3) major shell for neutrons (protons), i.e. all orbitals of the g 9/2 subshell (all orbitals of the p 3/2 and f 5/2 subshells), and forming multi-qp states from them. The negative parity yrast band, also calculated with a ε 2 = −0.2832 deformation parameter, seems to yield the best agreement with the experiment. As mentioned in the Introduction, it is thus reasonable to carry out a calculation for the negative parity states of 80 Rb with this deformation. The theoretically determined energy of the negative parity yrast band is compared with the experimental data in Fig. 3 For the yrast negative parity band of 80 Rb, in the α = 1 signature component, there is a first crossing between the two and four quasi-particle bands around ω = 0.63 and a second crossing between the four and six quasi-particle bands around ω = 0.73, 25) and it is suggested that the first and the second band crossings in 80 Rb are the result of the alignment of a πg 9/2 and a νg 9/2 pair, respectively. Therefore, a satisfactory description for these observations above ω = 0.63 is not possible in the present version of the PSM, since the behavior in that case is beyond what the model space of Eq. (3) MK a + n a + p |0 can produce only a 2qp proton-neutron band, as mentioned above. As a result, the theoretical values are in general larger than the measured values, as revealed in Fig. 3 .
The nuclear structure for the odd-odd nuclei of this A ≈ 80 region exhibits a complex low-lying level structure up to ≈ 0.5 MeV, and above this energy, the decay scheme displays a more regular pattern of rotational bands. In particular, this behavior has been found in 80 Rb. In the present work, the yrast structure of this nucleus is described clearly in the framework of PSM. We emphasize here that all these states have been obtained through a single diagonalization, without any adjustment for individual states.
Results and discussion for 82 Rb
The calculations for 82 Rb are almost the same as those for 80 Rb. The pairing gap parameters are ∆ p = 1.3375 MeV and ∆ n = 1.1675 MeV, calculated using the same four-point formula. Here again, the Nilsson parameter values are taken from Ref. 21) , and the calculations are performed by considering three major shells (N = 2, 3, and 4) for both neutrons and protons. Shape calculations using the Nilsson+BCS formalism were carried out for the nucleus 82 Rb. The Hartree-FockBogoliubov energy E HFB of 82 Rb as a function of the quadrupole deformation ε 2 is displayed in Fig. 1(b) . It is seen that the energy E HFB has three minima, which correspond to a slightly-deformed prolate shape (ε 2 = 0.05), a moderately-deformed prolate shape (ε 2 = 0.25), and an oblate shape (ε 2 = −0.25). These three minima are considered possible forms of the equilibrium deformation. Therefore, we use the quadrupole deformations ε 2 = 0.25 and ε 2 = −0.25, respectively, to calculate the positive parity yrast states. The hexadecapole deformation parameter ε 4 = 0.000 is taken from the compilation of Möller et al. 20) In the calculations, the configuration space is constructed by selecting the qp states close to the Fermi energy in the N = 4 (N = 4) major shell for neutrons (protons), i.e. the K = 5/2, 7/2 orbitals of the g 9/2 subshell and the K = 1/2 of the d 5/2 subshell (the K = 1/2, 3/2, 5/2 orbitals of the g 9/2 subshell) when ε 2 = 0.25 is adopted, and the K = 1/2, 3/2, 5/2 orbitals of the g 9/2 subshell (the K = 7/2, 9/2 orbitals of the g 9/2 subshell) when Very recently, an in-beam study of 82 Rb using the 76 Ge( 11 B, 5n) reaction 26) was reported. The level scheme of 82 Rb deduced from that work is for the most part consistent with the results of a previous work. 2) From neither of these figures do we find signature inversion from our calculations. However, if we take the quadrupole deformations to be ε 2 = 0.25(6 ≤ I ≤ 8) and ε 2 = −0.25(I ≥ 9), respectively, in calculating the positive parity yrast states, as shown in Fig. 4(c) , it is seen that the calculated results fit the data reasonably well, except that the energy separation between the states with I π = 10 + and I π = 11 + , i.e. the ascription of this small region, is not satisfactory. The cause of this problem could be that in this region, the nucleus may be triaxial, and our computer code was written assuming an axially symmetric system. Thus the present result is the best we can do at the moment. 27) However, we again find that the most noteworthy feature of Fig. 4(c) is that the signature inversion appears at the correct value of I. In addition, the relatively small interval between the levels 8 + and 7 + , as compared to that between the levels 7 + and 6 + , cannot be accounted for yet with the present approach.
In the negative parity yrast band calculations, the configuration space is constructed by selecting the qp states close to the Fermi energy in the N = 4 (N = 3) major shell for neutrons (protons), i.e. the K = 5/2, 7/2 orbitals of the g 9/2 subshell and the K = 1/2 orbital of the d 5/2 subshell (the K = 3/2 orbital of the p 3/2 subshell and the K = 1/2, 3/2 orbitals of the f 5/2 subshell), and forming multi-qp states from them. We see that the 6 − level is described quite accurately as long as the quadrupole deformation ε 2 = 0.25 is adopted. This is consistent with the situation for the adjacent nucleus 84 Rb. 17) However, it is seen that the calculated values are surprisingly larger than the experimental values above spin I = 6 − , for unknown reasons. In the present work, the negative parity yrast band, calculated for a well deformation parameter (for example, the quadrupole deformation ε 2 = 0.35) seems to yield better agreement with the experiment. The theoretically determined energy of the negative parity yrast band is compared with the experimental data in Fig. 5 . The experimental levels are taken from Ref. 26 ). In the 82 Rb nucleus, for negative parity states with low rotational frequency, the TRS calculations 2) predict an almost spherical shape for such configurations, where the valence neutron occupies the g 9/2 subshell. This is not surprising, since for 45 neutrons, the g 9/2 subshell is half filled, and the deformation-driving property of the neutron configuration is strongly reduced. At higher frequency, e.g., at 0.487 MeV, two minima develop at a less deformed near-prolate shape and a near-oblate shape. However, the near-oblate minimum disappears again when the frequency is increased further. In general, the results of the TRS calculations sup- In the present work, we carried out theoretical analysis of two low-lying bands, referred to as the positive parity yrast band (which starts from 6 + ) and the negative parity yrast band in 80 Rb and 82 Rb, and we compared our results with experimental data. In particular, signature inversion at intermediate spin values around 11 + for the positive parity yrast band was treated in the framework of the projected shell model approach. Our results suggest that the signature inversion in the positive parity yrast bands of 80 Rb and 82 Rb can be understood within the projected shell model if the shape change is taken into account, i.e., if the quadrupole deformation is assumed to be positive (prolate) below the inversion point (I ∼ 11) and negative (oblate) above it, the condition necessary for signature inversion. Such a situation is reported here for the first time for A ∼ 80 nuclei. The results of this study indicate the necessity of lifetime measurements for the low spin states below I = 10 ± (all positive/negative parity yrast states) of 80 Rb ( 82 Rb) using the Doppler shift attenuation method (DSAM) to obtain a better understanding of the dependence of the shape on the rotational frequency.
